The behavior of the pavement is highly dependent on the deformation and stability of the underlying embankment. To optimize the design of embankment suffering heavy asymmetric traffic load in Shanxi province, China, a series of two-dimensional (2D) numerical analyses were conducted using the finite element software PLAXIS to investigate the deformation and slope stability of the unreinforced, geosynthetic reinforced, and expanded polystyrene (EPS) geofoam reinforced embankments. The results show that the general performance in the geosynthetic reinforced case is thought to be superior compared to that in the EPS geofoam reinforced case taking the slope stability into consideration. As the asymmetric traffic load increases, the embankment deformation increases significantly and obvious decrease of the slope stability safety factor is also observed. Great attention need to be paid to the influence of the heavy asymmetric traffic load.
INTRODUCTION
In recent years, the construction of expressway is on a large scale in Shanxi province, China, where is mountainous but rich in coal resource. Inevitably, a number of semi-filling and semi-excavating embankments are encountered. Due to a lot of heavy loaded trucks carrying the coal concentrating at one half of the road, the heavy asymmetric traffic load (HATL) is significant. In this condition, potential failures, including intolerable differential settlement, large lateral movement, and global or local instability, are easy to occur at these embankments suffering the adverse effect of HATL frequently. Since the behavior of the expressway pavement is highly dependent on the deformation and stability of the underlying embankment, it is of great significance to optimize the design of embankment suffering HATL with the aim of increasing the pavement life and reducing the maintenance cost.
A variety of techniques have been reported to reduce the embankment deformation and prevent potential stability failure. These methods include improving the fill properties, using light-weight fill, overexcavation and replacement, pile supported, and geosynthetic reinforced (Han and Gabr 2002; Ariyarathne et al. 2013) . The benefits of geosynthetic reinforced embankment have been reported in several works in the references (Hufenus et al. 2006; Frankowska et al. 2007 ). These benefits have yielded to remarkable improvement in road life and reduction in maintenance cost (Palmeira et al. 2010) . Another solution for addressing the above concerns with obvious advantages is employing lightweight fills, e.g., expanded polystyrene (EPS) geofoam. The EPS geofoam, characterized by lightweight and high strength/stiffness to weight ratio (Hazarika 2006; Leo et al. 2008) , is an excellent material for embankment construction and has been successfully used between the approach embankment and the bridge abutment aiming at preventing overlarge differential settlement. Nevertheless, the availability of the geosynthetic and EPS geofoam in improving the operative performance of the embankment suffering HATL still needs to be better investigated for optimized application in practical engineering. This paper presents the results of a series of tow-dimensional (2D) analyses using the finite element software PLAXIS. The displacement and slope stability of the unreinforced, geosynthetic reinforced, and EPS geofoam reinforced embankments suffering heavy asymmetric traffic load frequently are investigated and compared.
NUMERICAL MODELING Description of the selected case
The selected embankment is 14 m in height at the left side and 8 m high at the right side with a crest width of 26 m, as shown in Figure 1(a) . The side slope is 1 V to 1.5 H. For the geosynthetic reinforced case, four layers of geosynthetic are placed during the embankment construction with a vertical spacing of 3 m. In the EPS geofoam reinforced case, the EPS geofoam with dimensions of 26 m×3 m is used as a lightweight substitute. One point at the center of the embankment crest (Point A) is specified to monitor the embankment deformation. For simplify, static load is applied on the embankment crest to simulate the action of traffic load. Six kinds of most possibly unfavorable traffic load are designed according to the prior investigation of traffic load for expressways in Shanxi province, as shown in Figure 1 (b), to investigate the effect of different traffic load level.
Numerical model
The numerical analysis was performed using a two-dimensional finite element program, i.e., PLAXIS. The construction of the embankment was modeled in seven stages (Huang et al. 2009 ). The lift thickness of each stage was 2 m. The effects of boundary and mesh refinement were performed based on trial calculations, during which the mesh was progressively refined and the boundary was increased until that no difference was observed between two contiguous models, to select an appropriate numerical model. A full fixity at the base of the model and roller condition at the vertical sides was adopted, respectively, in the numerical model. A drained condition was selected for this analysis, therefore, no groundwater was taken into account and effective cohesion and friction angle of the subgrade soil and fill were adopted. 
Material model and properties
The accurate 15-node triangular elements that provide high quality stress results for complex problems were used to discretize the embankment, including EPS geofoam, and subgrade soil. The geosynthetic reinforcement was modeled by the 5-noded geogrid elements which are slender with a normal stiffness and can only sustain tensile forces but no compression (Abusharar et al. 2009 ). For geogrid elements, axial forces are evaluated at the Newton-Cotes stress points that coincide with the nodes. The interaction and slippage between the embankment fill and geosynthetic or EPS geofoam was modeled using interface elements defined by 5 pairs of nodes. An elastic-perfectly plastic model incorporating the Coulomb criterion is used to describe the elastic and plastic behavior of the interface. 
The elasto-plastic model with the Mohr-Coulomb Model failure criterion was used for the embankment fill and subgrade soil while a linear elastic model was applied to the geosynthetic reinforcement and EPS geofoam. No creep behavior of the geosynthetic and EPS geofoam was considered. All parameters used for the selected case are tabulated in Table 1 . The influence of traffic load on the displacement of point A is presented in Figure 2 . Both the settlement and lateral displacement, as well as the difference between each other, increase significantly with the increase of traffic load and the minimum values always occur in the EPS geofoam reinforced case. No obvious difference of the settlement is observed between the unreinforced and geosynthetic reinforced cases, as shown in Figure 2(a) . Compared to the settlement, the lateral displacement presents obvious difference under different types of traffic load (Figure 2(b) ). The lateral displacement in the unreinforced case is always the largest, followed by the geosynthetic reinforced case, and the lateral displacement in the EPS geofoam reinforced case is always the smallest. As the traffic load increases, the lateral displacements increase continuously and reach to 68, 57, and 39 mm, in turn, under the traffic load of 5020.
RESULTS AND DISCUSSION

Displacement
The displacement of the embankment crest under traffic load is also investigated, as shown in Figure 3 . The settlement in the geosynthetic reinforced case is similar to that in the unreinforced case, both of which are larger than that in the EPS geofoam reinforced case. The EPS geofoam has exhibited a superior performance compared to the geosynthetic in reducing the embankment deformation. Meanwhile, it is obvious that the distribution pattern of traffic load has significant influence on the displacement distribution along the transverse direction of the embankment. As we all know, significant stress (tensile or compressive) will be induced in the pavement (for paved road) by the differential displacement of the embankment. Relative uniform variation is observed under the traffic load of 3535, compared to the traffic load of 5020, both for the settlement and lateral displacement. Therefore, great attention should be paid to the adverse effect imposed by the heavy asymmetric traffic load on the embankment deformation. The lateral displacement profiles with depth induced by both the fill load and the traffic load of 5020 are monitored at the left embankment toe, as shown in Figure 4 . It is clearly shown that the maximum differences of the lateral displacement exist at the ground surface and shallow strata with a depth about 2 m for both conditions, at the end of construction and under the traffic load. There is no obvious difference of the lateral displacement between the unreinforced case and geosynthetic reinforced case (Figure 4(a) ). However, the lateral displacement inside the subgrade is reduced obviously in the EPS geofoam reinforced case compared to the other two cases, as shown in Figure 4 (b) and Figure 4 (c).
Slope stability
In the design of the pavement, the slope stability is as important as the deformation of the embankment, not only the stability under the traffic load, but also the stability during the construction. The Phi-c-reduction calculation option in PLAXIS is available to calculate the staged stability and output a global safety factor for each stage. Figure 5 shows the influence of traffic load on the stability safety factor. Unlike the embankment deformation, there is no obvious decrease of the safety factor as the traffic load increases from 1010 to 5020 and only a slight reduction of 0.083, 0.03, and 0.09, in turn, is obtained in the geosynthetic reinforced case, the EPS geofoam reinforced case, and the unreinforced case. However, one concern need to pay attention to is that the safety factors in the geosynthetic reinforced case are always significantly larger than those in the other two cases. Figure 6 shows the shading of total displacement increments of the embankment at the end of construction after the Phi-c-reduction calculation. As expected, the sliding surface in the EPS geofoam reinforced case cuts through the whole embankment from the crest to the toe and is just slightly altered by the inclusion of EPS geofoam ( Figure  6(a) ). While in the geosynthetic reinforced case, the sliding surface is cut off by the geosynthetic reinforcement and the slippage just occurs at the left embankment toe (Figure 6(b) ). (Figure 7(a) ), the maximum tension occurs in the first layer with obvious peak value, followed by the second layer, and the tension in the fourth layer is very small. Then the distribution of tension in geosynthetic is obviously changed under the traffic load of 3535, especially the tension in the second layer and third layer geosynthetic (Figure 7(b) ). The peak values of the tension in each layer of geosynthetic under the asymmetric traffic load of 5020 are significantly larger than those under the uniform traffic load of 3535.
Tension in geosynthetic
For design purpose, the distribution of tension in geosynthetic is always one of the key concerns which are of great interest to geotechnical engineers. In this study, no overlarge tension is observed. This is mainly due to the relative small deformation of the embankment (Han and Gabr 2002) , which is necessary to the mobilization of tension in geosynthetic through interface interaction. Meanwhile, the influence of geosynthetic on the embankment deformation is also expected to be less. Therefore, in this sense, though the embankment deformation behavior of the geosynthetic reinforced case is not as good as the EPS geofoam reinforced case, the general performance is thought to be superior taking the slope stability into consideration.
CONCLUSIONS
In this paper, a series of numerical analyses were carried out to investigate the behavior of three kinds of reinforced embankments suffering heavy asymmetric traffic load. The main conclusions obtained are summarized below.
(1) The embankment deformation behavior in the EPS geofoam reinforced case is better than that in the geosynthetic reinforced case, while the slope stability is just opposite under the traffic load. The general performance in the geosynthetic reinforced case is thought to be superior taking the slope stability into consideration.
(2) The traffic load is of great concern and has imposed great influence on the embankment deformation, slope stability, and tension in geosynthetic. As the traffic load increases, the embankment deformation increases significantly and obvious decrease of the slope stability safety factor is observed.
